ABSTRACT We studied the proÞle of permethrin resistance in populations of head lice infesting children 6 Ð12 yr old in schools and their homes in and around Buenos Aires, Argentina. Five permethrin-resistant populations with different levels of resistance were collected: Hogar Loyola (HL), Republica de Turquia (RT), Hogar Mitre (HM), Guardia de Honor (GH), and Ricardo Guiraldes (RG). One susceptible population, Bandera Argentina (BA), also was collected. Their level of resistance was evaluated, and results showed resistance ratios of 13 for HL, 16 for RT, 22 for HM, 61 for GH, and 69 for RG. To elucidate the possible involvement of the cytochrome P450 monooxygenase system in conferring permethrin resistance, ethoxycoumarin-O-deethylase (ECOD) activity was measured in abdomens of individual third instars and adults by using a ßuorometric assay. The ECOD activity was lower in the susceptible BA population (4.7 ng per louse) than in the resistant ones (13.7 ng per louse for RG, 12.3 ng per louse for GH, 8.6 ng per louse for RT, and 8.2 ng per louse for HL). ECOD activity was signiÞcantly correlated with the level of resistance in the Þeld populations (r ϭ 0.97, P ϭ 0.0009), suggesting a role for cytochrome monooxygenase P450 system in permethrin resistance by head louse, Pediculus humanus capitis De Geer.
IN ARGENTINA, FIELD POPULATIONS of the head louse, Pediculus humanus capitis De Geer (Anoplura: Pediculidae), have developed resistance to permethrin and other pyrethroids after intensive use of these insecticides since 1990 (Picollo et al. 1998) . Recently, an extensive survey for resistance in Buenos Aires, Argentina, showed signiÞcant resistance levels in lice on children in 24 of 26 (92.3%) schools. Compared with a previously unexposed reference population, resistance ratios (RRs) to permethrin obtained by the Þlter paper exposure method on highly resistant populations ranged from 5.4 to Ͼ88.7 (Vassena et al. 2003) . Similarly, Hemingway et al. (1999) found a high resistance level to permethrin (38.7-fold) in P. humanus capitis from Israel, and Pollack et al. (1999) reported that the RR for Þeld populations from United States was 68 times higher than that obtained in Panama. Moreover, a high RR to malathion (400 times) was measured for head lice from the United Kingdom (Burgess 1995) . RRs to phenothrin ranging from 20-to 160-fold were recorded for head lice from Japan . Emergence of resistance to carbaryl was found in England (Downs et al. 2002) .
Recent studies on permethrin-resistant head lice were focused on the possible resistance mechanisms (Bartels et al. 2001) . Hemingway et al. (1999) reported high glutathione S-transferase and monooxygenase activities in head lice from Israel with resistance to DDT and permethrin. Lee et al. (2000) and Tomita et al. (2003) reported a molecular analysis of kdr-like resistance in permethrin-resistant populations of head lice from the United States and United Kingdom. In that work, through molecular cloning and sequencing, the authors identiÞed two point mutations associated with permethrin resistance in the head lice. Picollo et al. (2000) found that pretreatment with piperonyl butoxide or triphenylphosphate signiÞcantly increased the toxicity of permethrin in pyrethroid-resistant head lice from Argentina and demonstrated that enhanced metabolism was involved in resistance.
The aim of this study was to examine the possible involvement of cytochrome P450 monooxygenases in conferring permethrin resistance in head lice.
Materials and Methods
Lice. Head lice were collected in 2002 from infested children at randomly selected schools from each city district in and around Buenos Aires, where permethrin based pediculicides have been intensively used since 1990. Live head lice were obtained using a Þne-toothed antilouse comb (Nopucid, Interbelle Cosmetics, Buenos Aires, Argentina) from 6,250 children aged from 6 to 12 yr, according to a protocol approved by the ad hoc Committee of Centro de Investigaciones de Plagas e Insecticidas and archived in our laboratory. Lice were grouped and named in separate populations according to the school in which they had been collected according to our previous work (Picollo et al. 1998 (Picollo et al. , 2000 Vassena et al. 2003) . Five permethrinresistant populations with different levels of resistance were collected: Hogar Loyola (HL), Republica de Turquia (RT), Hogar Mitre (HM), Guardia de Honor (GH), and Ricardo Guiraldes (RG); one susceptible population, Bandera Argentina (BA), was collected. Adults and third instars were selected at the laboratory for the bioassays (Mumcuoglu et al. 1995 , Picollo et al. 2000 , Vassena et al. 2003 . After collection, lice were maintained without feeding in an environmental chamber (Lab-Line Instruments, Melrose Park, IL) at 18 Ϯ 0.5ЊC and 70 Ð 80% RH in the dark for a maximum of 1 h before toxicological bioassays and for 15 h before biochemical assays.
Resistant populations were collected from children who had been previously exposed to insecticide treatments. These populations were named according to the district in which they were collected: GH, RT, RG, HL, and HM.
Chemicals. Technical grade permethrin (42.5% cis and 54.2% trans) was donated by from Chemotecnica (Buenos Aires, Argentina). 7-Ethoxycoumarin (7-EC) and 7-hydroxycoumarin (7-OHC) were purchased from Sigma (St. Louis, MO).
Bioassay. Serial dilutions of permethrin in acetone were prepared and applied with a 5-l Hamilton syringe with a repeating dispenser. Each head louse was treated with 0.1 l of the solution on the dorsal abdomen according to Vassena et al. (2003) . The Þnal dose ranged from 0.03 to 3000 g per louse. Each treatment concentration was replicated three times by using 10 lice per replicate. Control lice were treated with acetone alone. Treated lice were placed into a petri dish over a 9-cm Whatman no. 1 Þlter disc moistened with 0.5 ml of water and maintained in an environmental chamber (Lab-Line Instruments) in the dark at 18 Ϯ 0.5ЊC and 70 Ð 80% RH. Mortality was recorded at 18 h after treatment (Picollo et al. 1998 ). The criterion for mortality was inability of lice to walk from the center to the border of a 7-cm Þlter paper disc.
Monooxygenase Activity. Cytochrome P450 monooxygenase activity was measured using ethoxy-coumarin as substrate (ECOD activity) according to the method of Ullrich and Weber (1972) adapted for in vitro analysis by De Souza et al. (1995) . Only abdomens were used, and they were dissected according to De Souza et al. (1995) and González Audino et al. (2004) .
For measurements in intact tissues, the assay mixture (0.1 ml) contained one louse abdomen per well in 0.4 mM 7-EC, 0.05 M phosphate buffer (pH 7.2). Microplates were centrifuged for 30 s at 600 ϫ g in a microplate centrifuge and incubated at 30ЊC for 4 h.
The reaction was stopped with 0.1 ml of a mixture of glycine buffer (10 Ϫ4 M, pH 10.4) and ethanol in a 50:50 ratio (vol:vol). Microplates were then centrifuged before measuring ßuorescence. Fluorescence was measured using a microplate ßuorescence reader (Packard Fluorocount), with 400-nm excitation and 440-nm emission Þlters. Enzyme activity was expressed as nanograms of ECOD produced by one abdomen after 4 h of incubation.
Statistical Analysis. Mortality data were collected using AbbottÕs formula (Abbott 1925) . DoseÐmortality data from each head louse population was subjected to probit analysis (LitchÞeld and Wilcoxon 1949) . LD 50 values were expressed as micrograms of permethrin per louse. After probit analysis, RRs with 95% CL were calculated for each head lice population (LD 50 ) by comparing results from resistant lice with corresponding results from the reference, nontreated population (BA) as described by Robertson and Preisler (1992) . ECOD activities of louse populations were statistically analyzed using the KruskalÐWallis/MannÐWhitney method.
Results
Results of toxicity tests of permethrin in Þeld populations of head lice from Buenos Aires are summarized in Table 1 . LD 50 values are expressed as micrograms of permethrin per louse. The RR to permethrin for the Þve resistant populations compared with the reference population (Bandera, Argentina) ranged from 13.36 to 68.60.
The ECOD activities in the Þve highly resistant populations, and also in the reference population, are shown in Table 2 . Mean values of deethylation of Values that do not share any letter are signiÞcantly different (P Ͻ 0.05; KruskalÐWallis/MannÐWhitney).
7-ethoxycoumarin in louse abdomens were higher in the resistant lice. The ECOD activities were more homogeneous in the reference population than in the Þeld populations.
The ECOD activities of louse abdomens increased with increasing resistance to permethrin in head louse populations. The ranking of enhancement of monoxygenase activity was the same as that of increasing resistance (Fig. 1) . A positive linear correlation between RR and monooxygenase activity was demonstrated for the Þve permethrin-resistant populations (r ϭ 0.97, P ϭ 0.0009).
Discussion
Enhanced metabolism by oxidative enzymes is known to be a major cause of pyrethroid resistance in insects (Oppenorth 1985 , Zerba et al. 1987 . For head lice, we demonstrated using toxicological bioassays the importance of enhanced metabolism by monooxygenases in the pyrethroid resistance of Þeld populations. In that work, we found that the treatment of resistant head lice with piperonyl butoxide (PBO), signiÞcantly increased the toxicity of permethrin in the four colonies tested, suggesting that this enzyme system was responsible for some of pyrethroid resistance (Picollo et al. 2000) .
In this work, the activity of the monooxygenases was directly measured using ETOC as substrate on individual lice from populations exhibiting different levels of resistance to permethrin (ranging from 13.36 to 68.60). A positive correlation was established between enzyme activity and the LD 50 to permethrin in the six Þeld populations evaluated. Direct comparison of the ability of these populations to oxidize permethrin provides less disputable evidence in correlating pyrethroid resistance and microsomal oxidative detoxication.
Similar results were found by Hung and Sun (1989) in strains of the diamondback moth, Plutella xylostella (L.) exhibiting different levels of fenvalerate resistance. ECOD activity of larval homogenates showed a signiÞcant increase (from 0.62 to 2.58 nmol/min/mg protein) with increasing resistance (from 284 to Ͼ11,000) in diamondback moth strains, associating microsomal oxidation with high levels of resistance. Additionally, the role of enhanced detoxication by the cytochrome P450 monooxygenase system in a delta- (Picollo et al. 2005) . Also, Berrada et al. (1994) demonstrated an increase in the deethylase activities by using ETOC as substrate, in a population of the psyllid Cacopsylla pyri (L.) with resistance to the organophosphorus insecticide monocrotophos.
In this context, the measurement of monooxygenase activity toward ETOC by using a microßuorometric technique can be useful as a diagnosis for resistance in head lice.
The high sensitivity of the technique allows the quantiÞcation of ECOD activity on individual head lice and offers the ability to identify and monitor resistant genotypes at low frequencies, an essential attribute for developing resistance management strategies and improving pesticide recommendations. Fig. 1 . Correlation between the LD 50 to permethrin and P450 activity in Þeld populations of P. humanus capitis from Argentina (y ϭ 0.2491x ϩ 1.1685, r ϭ 0.97, P Ͻ 0.001).
